We wanted to examine the cellular locations of four Neurospora crassa proteins that transport calcium. However, the structure and distribution of organelles in live hyphae of N. crassa have not been comprehensively described. Therefore, we made recombinant genes that generate translational fusions of putative organellar marker proteins with green or red fluorescent protein. We observed putative endoplasmic reticulum proteins, encoded by grp-78 and dpm, in the nuclear envelope and associated membranes. Proteins of the vacuolar membrane, encoded by vam-3 and vma-1, were in an interconnected network of small tubules and vesicles near the hyphal tip, while in more distal regions they were in large and small spherical vacuoles. Mitochondria, visualized with tagged ARG-4, were abundant in all regions of the hyphae. Similarly, we tagged the four N. crassa proteins that transport calcium with green or red fluorescent protein to examine their cellular locations. NCA-1 protein, a homolog of the SERCA-type Ca 2؉ -ATPase of animal cells, colocalized with the endoplasmic reticulum markers. The NCA-2 and NCA-3 proteins are homologs of Ca 2؉ -ATPases in the vacuolar membrane in yeast or in the plasma membrane in animal cells. They colocalized with markers in the vacuolar membrane, and they also occurred in the plasma membrane in regions of the hyphae more than 1 mm from the tip. The cax gene encodes a Ca 2؉ /H ؉ exchange protein found in vacuoles. As expected, the CAX protein localized to the vacuolar compartment. We observed, approximately 50 to 100 m from the tip, a few spherical organelles that had high amounts of tagged CAX protein and tagged subunits of the vacuolar ATPase (VMA-1 and VMA-5). We suggest that this organelle, not described previously in N. crassa, may have a role in sequestering calcium.
All cells maintain intracellular concentrations of calcium at precise levels, typically about 0.1 M in the cytosol. Calcium is often present at high levels in the environment, significantly above the level that is tolerated within the cell. Nevertheless, high concentrations are maintained in some organelles because calcium has an essential role in signaling physiological processes (3, 7, 29) . In root hairs, pollen tubes, and the hyphae of filamentous fungi calcium has been postulated to have a central role in directing the growth at the tips of these cells (30, 32, 34, 38, 41, 49) . Investigators have reported that in filamentous fungi the concentration of calcium is highest at the hyphal tip (56, 59) . Disruption of the calcium gradient by ionophores inhibits growth (52) . Mutations in some genes that affect hyphal morphology, e.g., frost and spray, can be suppressed by raising the concentration of calcium in the medium (4, 16) . However, the growth of wild-type strains is not significantly affected by the external concentration of calcium, which suggests that cytosolic calcium is controlled by regulating calcium uptake and release from organelles (36, 55, 59) .
The proteins that transport calcium into organelles have been studied extensively in Saccharomyces cerevisiae. In this organism, more than 90% of the intracellular calcium is in the vacuole (19, 22) , transported there by a protein that facilitates Ca 2ϩ /H ϩ exchange,Vcx1p, and by a calcium-pumping ATPase, Pmc1p (13, 14, 47) . Another calcium-pumping ATPase, Pmr1p, can transport calcium or manganese into the Golgi bodies (1, 51, 57) . S. cerevisiae has not been reported to have a calcium-pumping ATPase in the plasma membrane or a SERCA-type ATPase in the endoplasmic reticulum (ER). Pmr1p may have a dual function in Golgi body-and ERassociated processes (20) .
In plant and animal cells, three types of calcium-pumping ATPases have been described (3, 7, 9, 58) . The PMCA type (most closely related to the Pmc1p ATPase of S. cerevisiae) primarily pumps calcium across the plasma membrane, removing excess calcium from the cytosol. The SERCA type, named by its location in the smooth ER, has a major role in transporting calcium in muscle cells but is also present in the ER in many types of cells. S. cerevisiae has no homolog to the SERCA ATPase. The SPCA type (secretory pathway Ca 2ϩ -ATPases) is found in the Golgi bodies and is homologous to the Pmr1p ATPase of S. cerevisiae (3, 42) . The mitochondria also contain a significant share of intracellular calcium. No calcium-pumping ATPase has been identified in this organelle, and transport has been hypothesized to occur through a channel protein, driven by the same electrochemical gradient that drives the synthesis of ATP (18, 35) . In addition, calcium is sequestered in small vesicles and in lysosomelike compartments, presumably transported by Ca 2ϩ/ H ϩ exchange proteins (29) . The availability of the complete genomes for N. crassa and other filamentous fungi has allowed us to assess the number and types of calcium transport proteins in these organisms (62) . Focusing on N. crassa, we found that all three types of calcium-pumping ATPases are present. These genes had been identified earlier in a PCR-based search for P-type ATPases (2) . The N. crassa gene nca-1 encodes a SERCA type ATPase.
The nca-2 and nca-3 genes are closely related to each other and appear to encode PMCA type ATPases. The pmr gene is a SPCA type. We also identified the cax gene as a homolog of VCX1, the gene encoding the Ca 2ϩ /H ϩ exchanger that plays a key role in vacuolar transport in S. cerevisiae.
Our long-term goal is to use these five genes (nca-1, nca-2, nca-3, pmr, and cax) to find out where calcium is localized in cells and how it gets there. We first wanted to determine the intracellular location of each transporter, using proteins tagged with green and red fluorescent proteins (GFP and RFP, respectively). For N. crassa and most other filamentous fungi a comprehensive analysis of the structure and distribution of organelles in living cells is lacking. GFP and fluorescent dyes have been used successfully to examine nuclei and mitochondria (24, 26) . Several reports have shown that "the vacuole" is far more dynamic and complex than the textbook presentation of a large spherical organelle (10, 24, 31, 33, 54) . Our understanding of the structure and abundance of the ER and the Golgi body is limited.
In this report, we have fused GFP and RFP to proteins predicted to be localized to nuclei, mitochondria, the ER, the Golgi body, and the vacuole. Similarly, we have made GFPand RFP-tagged forms of each of the five calcium transport proteins described above. We have examined the abundance and structures of the organelles and have observed (as have others) that these change with distance from the hyphal tip. We have tried to determine whether each of the calcium transport proteins is associated with a unique organelle or with the plasma membrane. In studies parallel to those reported here, we are measuring the amount of calcium in cell organelles and characterizing the phenotypes of strains in which the calcium transport genes have been deleted.
MATERIALS AND METHODS

Construction of plasmids.
We used plasmid pMF272 to generate proteins with eGFP fused to the C terminus and plasmid pMF334 to generate proteins with tdimer2(12), a variant of dsRED, fused to the N terminus (25) (26) (27) . To simplify nomenclature, we use "rfp" here when referring to the tdimer2(12) gene (6) or "RFP" when we refer to the protein produced.
Fragments of genomic DNA containing the genes of interest were amplified by PCR from N. crassa strain 74A (FGSC987), using the Pfu Turbo DNA polymerase from Stratagene (now sold by Agilent Technologies). The primers, shown in Table 1 , contained restriction endonuclease sites to facilitate cloning into the pMF272 and pMF334 plasmids. Amplified DNA from the PCRs was initially inserted into the vector pJET1.2 (Fermentas Life Sciences), which facilitates cloning of PCR products with blunt ends. The pJET1.2 plasmid containing the insert was digested with the two restriction endonucleases that recognized the sites in the primers. In this way, a DNA fragment of the correct size was obtained with a high likelihood that each end had been cut with the correct enzyme. This fragment was ligated with pMF272 or pMF334 digested with the same pair of restriction endonucleases. All new his-3-targeting plasmids are listed in Table 1 . Plasmids are available from the Fungal Genetics Stock Center, Kansas City, MO.
Transformation of N. crassa. The pMF272 and pMF334 vectors contain part of the his-3 gene and are designed to facilitate targeting to the his-3 locus. The N. crassa his-3 A strain was transformed with the plasmids listed in Table 1 by electroporation (25) . Typically, for each transformation, eight his ϩ colonies were transferred to tubes with Vogel's minimal medium. These isolates were examined by laser scanning confocal microscopy (see below). For some transformations, none of the transformed isolates gave a red or green signal that was clearly above the background fluorescence. However, for most strains 50 to 100% gave a strong signal. Because N. crassa conidia used for transformation are typically multinucleate, primary transformants can be heterokaryons. We obtained homokaryons for each strain by isolating microconidia (21) . For each of the strains described in this report we obtained two or three independently isolated transformants that were indistinguishable from each other when observed by laser-scanning confocal microscopy. The transformed strains of N. crassa are available from the Fungal Genetics Stock Center. To verify that the GFP signal came from translational fusions of proteins, we performed Western analysis (data not shown), essentially using the procedure of Garceau et al. (28) . Cell extracts were prepared by using phenylmethylsulfonyl fluoride (1 mM) and chymostatin (2 g/ml) as protease inhibitors. Using an antibody to GFP (Anti-GFP; Roche Applied Science, catalog no. 11 814 460 001), we observed a band of the predicted size for all of the GFP fusion proteins. NCA-2-GFP and NCA-3-GFP also showed some cross-reaction with a band of approximately 27 kDa, the size of GFP itself. As shown in Results, NCA-2-GFP and NCA-3-GFP localize to the vacuole, and the free GFP may arise by proteolysis in that compartment. The only significant anomaly we saw was two bands for ARG-4-GFP, at 77 kDa as predicted and at 50 kDa. Both bands were observed in cell extracts and in purified mitochondria, which indicated that the anomalous 50-kDa band was also targeted to, or generated in, that organelle. We attempted to do Western blots with the RFP fusions using two different poly- (12) protein. dsRED and tdimer2(12) differ in 20 of 238 amino acid residues. We were not able to obtain antibody to tdimer2 (12) . Microscopy. To prepare mycelia for microscopy we inoculated strains on one edge of a 100 mm petri dish containing Vogel's minimal medium with 2% agar and grew them for 16 to 18 h at 30°C. An agar block approximately 1 by 2 cm was cut from the leading edge of the colony and mounted on a glass coverslip as described previously (31) . To visualize a GFP-tagged and an RFP-tagged protein in the same hypha, we prepared heterokaryons. Conidia from each strain were suspended in water and counted. Typically, 4 l or 12 l of each strain (10,000 conidia per l) were coinoculated using ratios of 1:1, 1:3, and 3:1. For most samples, the best images were obtained with a 1:1 ratio.
Confocal laser scanning microscopy was performed using a Leica TCS SP5 system with a Leica DM600 inverted microscope. GFP images were obtained by excitation at 488 nm, with emission collected at 500 to 600 nm. RFP images were obtained with excitation at 543 nm and emission at 555 to 700 nm. Lasers were set with a scan speed of 400 Hz, and the camera resolution was 1,024 ϫ 1,024 pixels. The microscope objective was ϫ63, oil, and images were typically digitally magnified fourfold. To obtain two-color images, the sample was scanned sequentially line by line, and emission was collected at 500 to 535 for GFP and 570 to 640 for RFP. Time-lapse movies for each of the organelles described in the paper can be viewed via the Fungal Genetics Stock Center (http://www.fgsc.net/).
RESULTS
Identification and tagging of calcium transporters and protein markers for organelles. By analysis of the N. crassa genome, we previously identified genes predicted to encode calcium transport proteins in N. crassa (62) . Consistent with an earlier PCR-based study (2), we found homologs of the two Ca 2ϩ -ATPases that have been extensively studied in S. cerevisiae, Pmc1p and Pmr1p. In addition, N. crassa and other filamentous fungi have two additional Ca 2ϩ -ATPases (Table 2) . NCA-1 is most closely related to the SERCA-type ATPase found in the endoplasmic reticula of animal cells. NCA-2 and NCA-3 are closely related to each other and to Pmc1p from S. cerevisiae. A single putative Golgi ATPase, named Pmr1p in yeast and PMR in N. crassa, is found in both kinds of fungi. We also included the cax gene in our study because its homolog, VCX1, has a major role in calcium transport into the vacuole in S. cerevisiae (13, 47) .
To identify organelles in N. crassa, we chose homologs of genes reported to encode organelle-specific proteins in S. cerevisiae (Table 3) . grp-78 is the N. crassa homolog of KAR2 from S. cerevisiae (equivalent to bip in animal cells) (43) . The gene product facilitates protein folding in the ER. dpm, by analogy to yeast, encodes dolichol-phosphate mannosyltransferase, located in the ER (46) . vps-52 encodes a component of the Golgi-associated retrograde protein complex (12) . vam-3 encodes a vacuolar-associated SNARE protein (60) . Additional markers were two subunits of the vacuolar ATPase, encoded by vma-1 and vma-5 (8) . arg-4 encodes acetylornithine-glutamate acetyltransferase, an enzyme of the arginine biosynthetic pathway, localized in the mitochondrion (15) .
As described in Materials and Methods, we used PCR to isolate each of these genes from the wild-type strain of N. crassa. We constructed recombinant genes to produce proteins with GFP fused to the C terminus or RFP fused to the N terminus. In each case the moderately strong promoter of the N. crassa ccg-1 gene drove expression of the fusion genes. All recombinant genes were targeted to the his-3 locus. To visualize nuclei, we used two markers previously described, histone H1 fused to GFP and the chromosomal heterochromatin protein 1 (HP1) fused to RFP (25) (26) (27) . These were also targeted to the his-3 locus.
NCA-1, the nuclear envelope, and the ER. The SERCA-type ATPase encoded by nca-1 was predicted to be in the ER. Using confocal microscopy, we examined a strain of N. crassa transformed with nca-1 ϩ -sgfp. We observed the GFP-tagged protein in the nuclear envelope and in other membranes, some of which appeared to be continuous with the nuclear envelope (Fig. 1A, B , and C). For this and all other strains we examined the hyphal tip, the region 100 to 200 m behind the hyphal tip where the first branch typically appears, and the region 1 to 10 mm farther back, which typically contains large spherical vacuoles. With NCA-1 the GFP-labeled membranes were seen in all regions, from the tip to the older segments. The spherical organelles had the same size and abundance as nuclei (compare panels A to C with panels D to F in Fig. 1 ). To verify that the GFP was in nuclear envelopes, we coinoculated the NCA-1-GFP strain and the RFP-HP1 strain to obtain a heterokaryon that expressed both green and red proteins ( Fig. 2A, B , and C). Merging the two images confirmed the location of NCA-1-GFP in the nuclear envelope. Although we observed fairly uniform diameters in nuclei located in regions of the hypha away from the tip, at the tip itself we saw considerable heterogeneity in the apparent size of nuclei as visualized by tagged histone H1 and NCA-1 (compare panels A and B with panels D and E in Fig. 1 ). The two presumptive endoplasmic reticulum markers, GRP-78 and DPM, appeared in the same cellular structures as NCA-1 (Fig. 2D to I) . The signal from GRP-78 and DPM was not as strong as for NCA-1; however, nuclear envelopes and attached membranes were visible with these constructs (Fig.  2D, E, F, and H) . A heterokaryon of NCA-1-GFP plus RFP-GRP-78 showed colocalization of the green and red fluorescent proteins, although RFP-GRP-78 sometimes appeared as a "patch" on one side of the nucleus (Fig. 2G, H, and I) . These results suggest that the ER of N. crassa is composed of the nuclear envelope and associated membranes. This observation is consistent with investigations of other organisms, where the nuclear envelope is a specialized region of the ER (23, 44, 48, 61) .
The localization of GRP-78 and DPM was the same either with RFP fused to the N terminus (Fig. 2D , E, F, and H) or with GFP fused to the C terminus (DPM-GFP and GRP-78-GFP not shown). Likewise, RFP fused to the N terminus of NCA-1 localized to the same structures as NCA-1-GFP (not shown). With NCA-1-GFP we also compared the results obtained when the host cell for transformation carried the normal wild-type copy of nca-1 or had the endogenous nca-1 gene replaced by the hyg gene (11); NCA-1-GFP appeared in the same intracellular structures, with the same signal intensity (data not shown).
NCA-2, VAM-3, and the vacuolar network. Investigators have previously shown that dyes targeted to the vacuole localize in a tubular network near the tips of hyphae (10, 24, 31, 33) . The cellular compartments visualized with RFP-VAM-3 protein, a vacuolar SNARE, looked like components of this vacuolar network. The first 50 to 100 m at the hyphal tip contained little visible RFP-VAM-3. Next came a short region with a mixture of unorganized vesicles and tubular structures (Fig. 3A and C) . The dense tubular network typically started 50 to 100 m from the tip and continued for 300 to 500 m in our growth conditions. RFP-NCA-2 (Fig. 3B) , NCA-2-GFP ( Fig.  3E and F) , and RFP-CAX ( Fig. 3G and H appeared primarily in small vesicles and also in the large spherical vacuoles that are prominent in distal hyphal segments (Fig.  3D , E, F, and H). In these older segments NCA-2-GFP was also visible in the plasma membrane ( Fig. 3E and F, discussed further below). Examination of heterokaryons of NCA-2-GFP plus RFP-VAM-3 or NCA-2-GFP plus RFP-CAX showed that all three of these proteins were in the same vacuolar network. As shown in Fig. 4A to F, the tagged NCA-2 protein colocalized in the same thin tubules and small vesicles as the tagged CAX and VAM-3 proteins.
ARG-4 and mitochondria. Using dyes that localized to the mitochondria other investigators have observed mitochondria in N. crassa as abundant long thin tubules (24) . We transformed N. crassa with arg-4 ϩ ::sgfp and observed tubular mitochondria ( Fig. 4G and Fig. 5G ), which looked similar to those observed with the dye FM4-64 (24) . In hyphal segments 1 to 2 mm from the tip the mitochondria appeared to be shorter but were still abundant (Fig. 5H) . The mitochondrial network differed from the vacuolar network by having fewer small bright vesicles associated with the tubular structures. Another obvious difference was the abundance of mitochondria throughout the hyphal tip, where few vacuoles were seen. To look at the vacuolar network and mitochondria in the same hyphae, we examined a heterokaryon expressing both RFP-CAX and ARG-4-GFP proteins (Fig. 4G to I ). Although the cytoplasm was densely packed with tubular elements, the vacuolar and mitochondrial proteins clearly localized to different compartments.
NCA-2, NCA-3, and the plasma membrane. NCA-2 and NCA-3 ATPases share equal sequence similarity to the Pmc1p protein of S. cerevisiae. The PMCA-type ATPases are in the vacuole in S. cerevisiae but in the plasma membrane in most animal cells. In N. crassa these proteins appear to be in both locations (Fig. 3B, E, and F; Fig. 5A , B, and C). The organelles visualized with RFP-NCA-2, NCA-2-GFP, and NCA-3-GFP were indistinguishable from those seen with RFP-VAM-3 and RFP-CAX. There was a dark area immediately behind the hyphal tip, then a region with a network of tubules and small vesicles, and farther back small vesicles and large spherical vacuoles. Unlike VAM-3 and CAX, both NCA-2 and NCA-3 appeared in the plasma membrane. The signal was weak and variable near the tip; however, in hyphal segments that were 200 to 400 m distal to the tip fluorescent proteins in the plasma membrane became clearly visible. Although the GFP could possibly be in the cell wall, observations of the septum between hyphal compartments (Fig. 5B) showed a dark space in the middle of the septum, indicating that the fusion proteins were in the plasma membrane, not the wall. Tagged NCA-3 gave a particularly strong signal in the plasma membrane in older regions of hyphae (Ͼ2 mm from the tip) and, conversely, was weaker than NCA-2-GFP in the tubular network near the tip. None of the other GFP or RFP fusion proteins tested appeared in the plasma membrane. Examination of a hetero- karyon of NCA-2-GFP plus RFP-NCA-3 showed that both were in the same intracellular, vacuolar membranes (Fig. 5D , E, and F). VPS-52 and the Golgi compartment. In S. cerevisiae the Ca 2ϩ -ATPase encoded by the PMR1 gene is localized in the medial Golgi compartment (20) . Our preliminary experiments suggest that in N. crassa, as in S. cerevisiae, the cis-, medial, and trans-Golgi bodies may be distinct vesicular structures. This has necessitated the construction and analysis of a number of putative Golgi markers, work that is not presented here. However, to show a more complete set of organelles, we show the localization of VPS-52-GFP (Fig. 5I) , which is predicted to be in a late Golgi compartment (12) . In N. crassa, VPS-52-GFP does not colocalize with the vacuolar or ER proteins discussed above. PMR-GFP and RFP-PMR appear in vesicles of similar size and abundance to those shown for VPS-52, but PMR and VPS-52 do not colocalize (data not shown).
Colocalization of CAX and the vacuolar ATPase. By transporting protons across the vacuolar membrane the vacuolar ATPase generates an acidic environment within the vacuolar compartment and also generates an electrochemical gradient. The vma-1 gene encodes the ATP-binding "A" subunit of the enzyme. RFP-VMA-1 gave a strong signal in the vacuolar membranes (Fig. 6A , B, C, and E). A heterokaryon composed of RFP-VMA-1 plus NCA-2-GFP showed these two vacuolar markers to colocalize (Fig. 6E, F, and G) . In some hyphal compartments with large spherical vacuoles the RFP-VMA-1 signal was predominantly in the vacuolar membrane (Fig. 6C) , not in the interior of the vacuole, as observed with other vacuolar proteins (e.g., Fig. 3E and H) . The lack of fluorescence in the vacuolar lumen correlated with the degree of cytoplasmic flow in the hyphal segment. In segments with very active flow the interior of the vacuole was not red. For reasons we do not understand, internalization of the vacuolar ATPase may occur at lower rates in hyphae with active cytoplasmic flow.
A striking difference between RFP-VMA-1 and the tagged VAM-3 (the vacuolar SNARE), NCA-2, and NCA-3 proteins was its strong appearance in the membrane of unidentified organelles near the hyphal tip ( Fig. 6A and E) . These organelles, 2 to 5 m in diameter, were seen only in the region near the tip where the tubular vacuolar network starts to appear. A typical hyphal tip contained 1 to 10 of the novel organelles. We made a GFP fusion with another subunit of the vacuolar ATPase, VMA-5-GFP. Although the signal from this construct was not as strong as for RFP-VMA-1, the unidenti- fied organelle was clearly observable (Fig. 6D) . The only other protein that strongly colocalized with the vacuolar ATPase in these intriguing organelles was RFP-CAX (Fig. 7A) . A heterokaryon of VMA-5-GFP and RFP-CAX proteins showed that the vacuolar ATPase and the CAX protein were in identical organelles (Fig. 7B, C, and D) .
DISCUSSION
We have found that tagging gene products with green and red fluorescent proteins is an effective and efficient means of examining the structure and abundance of organelles in growing N. crassa hyphae. Using this approach allowed us to determine the organellar location of five calcium transporters.
In this report we studied 14 genes: 7 were fused to either GFP or RFP, and 7 were fused to both GFP and RFP. Using both green and red tags, we succeeded in obtaining transformants that expressed fusion proteins with good signals. Nonetheless, some strains had weak GFP signals, which were difficult to distinguish from background green fluorescence. In contrast, virtually no background fluorescence was seen when using this particular RFP, tdimer2 (12) . Fusion of the fluorescent protein to the N terminus versus the C terminus did not affect the localization of the protein for six of the seven genes we examined. Only for the cax gene, discussed below, did we observe different behavior in GFP-tagged versus RFP-tagged proteins. The organelles in the endomembrane system were dynamic and variable when observed in actively growing hyphae. Our observations are summarized in Fig. 8 . We are not aware of previous reports of systematically examining all of these organelles in living filamentous fungi. We limited our observations to young hyphae vigorously growing on the surface of agar medium, comparing the appearance of organelles at the tip, in the region 5 to 200 m behind the tip and in the region 1 to 5 mm further back. In each of these regions we observed a difference in the structure and abundance of organelles. Some of the structural variability was surprising.
As shown in previous examinations of GFP-and RFPtagged nuclei in N. crassa (25-27, 50), we found abundant nuclei in all regions except for the small zone 20 to 40 m immediately behind the tip. The structure of nuclei was relatively uniform, with the exception of a surprising heterogeneity of sizes near the hyphal tip. We located proteins predicted to reside in the ER (products of the dpm and grp-78 genes) both in the nuclear envelope and also in other associated, irregular membranes. Thus, our results with N. crassa are consistent with studies done in other fungi showing that the nuclear envelope is a specialized region of the ER (23, 39, 44, 48, 61) . The ER was abundant throughout the hyphae from the region immediately behind the tip to the older segments. In older segments of hyphae the fluorescence signals from ER proteins were primarily in the nuclear envelope, with less fluorescence seen in other membranes. Because fungal cells have many nuclei, perhaps the nuclear envelope suffices as the major component of the ER in older hyphal segments. The product of the nca-1 gene was predicted to be a SERCA-type Ca 2ϩ -ATPase, based on DNA sequence similarity and the presence of a canonical ER-retention signal (KKDL) at the C terminus. GFP-and RFP-tagged versions of NCA-1 strongly localized to the nuclear envelope and associated membranes, confirming its ER residence. We speculate that SERCA-type ATPases might play a role in filamentous growth because they are present in the filamentous fungi but not in yeasts.
Visualization of the Golgi compartments in N. crassa has proven to be more complicated than we anticipated. A protein predicted to localize to the Golgi, VPS-52, appeared in small vesicles (0.5 to 2.0 m) that were distinct from other organelles. In our preliminary analysis we saw the PMR Ca 2ϩ -ATPase, which is in the medial Golgi compartment in S. cerevisiae (53) , in small vesicles not associated with VPS-52. The data suggest that the Golgi complex in N. crassa may consist of disconnected cis, medial, and trans compartments, as reported for S. cerevisiae (37) . We are currently pursuing this hypothesis.
In older textbooks, "the vacuole" was presented as a large spherical organelle, and in N. crassa such vacuoles are often seen in older hyphal segments. However, work pioneered by Anne Ashford and coworkers and since extended by other labs has shown that vacuolar compartments in filamentous fungi can also be in the form of small vesicles or an interconnected network of tubules (10, 24, 31, 33) . Using tagged versions of the VAM-3 SNARE protein and the VMA-1 polypeptide of the V-ATPase, we visualized the vacuole in N. crassa. Vacuolar structure varied greatly in different regions of a hypha. Vacuolar markers were not present in the first 20 to 50 m behind the tip. They appeared as small vesicles and tubules in the zone between about 20 to 50 and 200 m behind the tip. In the region before the first septum the vacuolar markers were abundant in an interconnected network of thin (Ͻ1 m) tubules, often with small, attached vesicles. These results with N. crassa are generally consistent with observations made using GFPtagged VAM-3 in Aspergillus oryzae (45, 54) . N. crassa grows faster, and the diameter of hyphae can be fivefold larger. The network of vacuolar tubules near the tips is denser near the tip, and fast-growing hyphae have fewer of the large spherical vacuoles. Shoji et al. (54) reported that small punctate structures tagged with GFP-VAM-3 associated with large vacuoles. These authors tentatively identified these as endosomes or prevacuolar compartments. We observed VAM-3 in N. crassa only in compartments that also contained other vacuolar proteins -VMA-1, CAX, NCA-2, or NCA-3.
The tubular network was highly dynamic, moving rapidly and changing shape as the hyphae grew. In older hyphal segments, typically more than 300 m from the tip, we observed spherical vacuoles of widely ranging sizes, plus numerous small vesicles. This region, of course, represents the majority of the hyphal colony. The dramatic dynamic activity occurs in the growing tip cells.
The tubular network seen with tagged VAM-3 and VMA-1 in some ways resembled the structure of mitochondria, as observed previously with dyes (24) . Using ARG-4-GFP we obtained images of mitochondria that agreed well with the images obtained with dyes. Abundant in all regions examined, the mitochondria were seen as thin tubes with a more uniform thickness, lacking the punctate vesicular structures that appear to be part of the vacuolar network. Mitochondrial structure also varied with position in the hypha, the organelles appearing significantly shorter in older hyphal segments. The Ca 2ϩ -H ϩ transporter encoded by the cax gene is located in the vacuole in S. cerevisiae (13, 47) . We have found that, consistent with the results obtained from yeast, vacuoles isolated from cax-deficient strains of N. crassa have less than 10% of the calcium found in vacuoles from the wild-type strain (unpublished results). The CAX protein tagged with RFP localized to all components of the vacuole, both the tubular network and the larger spherical structures. Surprisingly, CAX-GFP appeared in the ER. A likely explanation is that fusion of the GFP protein to the C terminus of CAX interfered with a vacuolar targeting signal, causing the protein to be retained in the ER immediately after synthesis. Retention in the ER has been reported for other modified membrane proteins, e.g., the plasma membrane ATPase, PMA1 (40) .
As described earlier, nca-2 and nca-3 encode PMCA-type Ca 2ϩ -ATPases. These enzymes are located in the plasma membrane in animal cells but in the vacuolar membrane in S. cerevisiae. Interestingly, in N. crassa these Ca 2ϩ -ATPases appeared in both the vacuolar and the plasma membranes. In the region within 200 to 500 m of the hyphal tip neither NCA2 nor NCA3 was visible in the plasma membrane, but the fluorescent signal was clearly visible in the plasma membrane in older segments of the hyphae. The one difference noted with NCA-2 versus NCA-3 is that tagged NCA-2 was relatively more abundant in the vacuolar compartments, whereas tagged NCA-3 was strongly incorporated into the plasma membrane, especially in regions 1 mm or more away from the tip. These data suggest that in N. crassa NCA-2 and NCA-3 may serve to pump calcium out of the cell, as do the homologs of these enzymes in animal cells. Although the genes we examined-nca-2, nca-3, cax, vam-3, and vma-1-encode membrane proteins, all of the proteins appeared to be internalized to some extent in the large spherical vacuoles. Because of the small size of the tubular components in the vacuolar network we could not determine whether the tagged proteins were inside the tubules. Many types of proteins can be targeted to the vacuole for degradation, but of the 14 different gene products we examined only those predicted to have their primary function in the vacuole localized to the vacuolar interior. The internalization seen in the larger vacuoles could be due to normal turnover of vacuolar membrane proteins. Only for RFP-VMA-1 did we observe hyphae with the tagged protein predominantly in the membrane of larger vacuoles. This is interesting because VMA-1 encodes the A subunit of the vacuolar ATPase and has no membranespanning region, unlike the other proteins we examined. VMA-1, as part of the V1 sector of the enzyme, lies on the cytosolic side of the membrane and can dissociate from the integral membrane sector of the enzyme into the cytosol (5) .
From the analysis of these 14 gene products our most surprising finding was an apparently novel organelle. The vacuolar ATPase subunits and CAX allowed visualization of a type of organelle not seen with any of the other tagged marker proteins. RFP-VMA-1, VMA-5-GFP, and RFP-CAX appeared in the membranes of roughly spherical organelles, 2 to 5 m in diameter. These unidentified structures occurred only in a small region of each hypha, 100 to 200 m behind the tip. Conceivably, they are compartments of the vacuole specialized for sequestration of calcium. We speculate that they could be related to organelles called acidocalcisomes, described primarily in trypanosomes but also identified in other types of organisms (17) . Acidocalcisomes are approximately the same size, have membranes enriched in vacuolar ATPase, and contain high concentrations of calcium bound to polyphosphate.
